Abstract-Conventional antiarrhythmic drugs target the ion permeability of channels, but increasing evidence suggests that functional ion channel density can also be modified pharmacologically. Kv1.5 mediates the ultrarapid potassium current (I Kur ) that controls atrial action potential duration. Given the atrial-specific expression of Kv1.5 and its alterations in human atrial fibrillation, significant effort has been made to identify novel channel blockers. In this study, treatment of HL-1 atrial myocytes expressing Kv1.5-GFP with the class I antiarrhythmic agent quinidine resulted in a dose-and temperature-dependent internalization of Kv1.5, concomitant with channel block. This quinidine-induced channel internalization was confirmed in acutely dissociated neonatal myocytes. Channel internalization was subunit-dependent, activity-independent, stereospecific, and blocked by pharmacological disruption of the endocytic machinery. Pore block and channel internalization partially overlap in the structural requirements for drug binding. Surprisingly, quinidineinduced endocytosis was calcium-dependent and therefore unrecognized by previous biophysical studies focused on isolating channel-drug interactions. Importantly, whereas acute quinidine-induced internalization was reversible, chronic treatment led to channel degradation. Together, these data reveal a novel mechanism of antiarrhythmic drug action and highlight the possibility for new agents that selectively modulate the stability of channel protein in the membrane as an approach for treating cardiac arrhythmias.
A trial fibrillation is the most common cardiac arrhythmia, and a major risk factor for increased stroke, heart failure, and cardiovascular morbidity. The preferred therapy for atrial fibrillation is sustained sinus rhythm control; however, the efficacy of currently used antiarrhythmic drugs is diminished by adverse side effects resulting from a lack of ion channel selectivity and nonspecific ventricular activity. 1, 2 Because of the frequency of atrial fibrillation and its associated morbidity, development of atrial-specific therapies is a major focus of both industrial and academic research efforts. 3, 4 Kv1.5 (KCNA5) has emerged as a promising pharmacological target for treatment of atrial fibrillation. In humans, Kv1.5 is selectively expressed in atrial myocytes, where it mediates the ultrarapid delayed rectifier current (I Kur ) that contributes to cellular repolarization and controls action potential duration. 5, 6 Although significant effort has been made to identify novel blockers of Kv1.5, compounds with both atrial selectivity and clinical efficacy remain elusive and highlight the need for new potential therapeutic strategies or targets.
Conventional antiarrhythmic drugs generally target the ion permeability of channels. Increasing evidence, however, suggests that functional ion channel density can be modified pharmacologically in that a drug may both directly block an ion channel and indirectly disrupt normal protein trafficking. 7 In fact, 1 report shows that nearly half of hERG channel pore blockers tested also decrease anterograde delivery of the channel to the cell surface. 8 In addition, 2 reported cases of disrupted protein trafficking leading to drug-induced prolongation of the cardiac action potential highlight that this pleiotropic drug action can modulate cardiac excitability. 9, 10 Research into the therapeutic value for antiarrhythmic agents that affect channel trafficking has focused almost exclusively on hERG channel blockers that stabilize misfolded channels and rescue hERG trafficking mutants. To date, no studies have addressed the potential properties of antiarrhythmic drugs to acutely modulate surface density of functional channels that exist on the cardiac myocyte membrane. Here we report, for the first time, a novel paradigm for antiarrhythmic pharmacology in the control of the cell surface stability of Kv1.5 in atrial myocytes and present a new mechanism for the inhibition of ion current through drug-stimulated endocytosis of channel protein.
Electrophysiology
Whole-cell voltage-clamp experiments were performed on HL-1 cells stably expressing Kv1.5-pHluorin as described previously. 12 All experiments were performed at room temperature.
Neonatal Myocyte Isolation and Electroporation
Cardiomyocytes from neonatal mice were isolated and cultured according to methods adapted from Zlochiver et al. 13 Electroporation was performed on acutely isolated myocytes before plating as described in supplement.
Results
The Antiarrhythmic Drug Quinidine Stimulates Rapid Kv1.5 Internalization in HL-1 Atrial Myocytes Multiple antiarrhythmic drugs have been shown to inhibit Kv1.5, including the class I antiarrhythmic drug quinidine, which, like many Kv channel inhibitors, causes an activitydependent, open-channel block of Kv1.5 ( Figure I in the online data supplement). The present study was designed to investigate the potential pleiotropic effects of antiarrhythmic agents on Kv1.5 using this well-characterized drug as a prototype. 14 Our studies were initiated in the HL-1 immortalized mouse atrial myocyte cell line in which we previously demonstrated that Kv1.5 undergoes constitutive internalization and recycling to maintain steady-state ion channel surface levels. 11 Using an extracellular GFP epitope-tagged Kv1.5 construct that mimicked wild-type channel function, we discovered that quinidine triggered Kv1.5 internalization concomitant with block of channel current ( Figure 1A and Online Figure I ). Exposure to increasing concentrations of quinidine stimulated a dose-dependent increase in internalized Kv1.5 with a corresponding loss of surface protein ( Figure 1B ). This quinidine-induced internalization culminated in an 80Ϯ13% (nϭ143; PϽ0.001) increase over constitutive channel endocytosis at 100 mol/L quinidine (EC 50 Ϸ1 mol/L). Quinidine-induced internalization of Kv1.5 was rapid and achieved a maximum within 10 minutes of treatment (Online Figure I) . Electrophysiology experiments confirmed that 10 minutes quinidine treatment represents steady-state channel block (Online Figure I) . Together, these data indicate that the rate-limiting step for this process is equilibration of quinidine across the cell membrane. Following 10 minutes of vehicle treatment, the level of internalized Kv1.5 is minimal and consistent with constitutive endocytosis as previously reported ( Figure 1A ). 11 Importantly, at the 10-minute time point, quinidine-stimulated internalization was statistically greater compared to control (PϽ0.001) and could be reliably separated from constitutive endocytosis and was therefore used, unless otherwise stated, in our later studies.
We also measured a temperature dependence for the quinidine-induced internalization of Kv1.5 ( Figure 1C ). The drug-induced internalization was greater than 2-fold higher at the physiological temperature of 37°C compared to room temperature (80Ϯ13% [nϭ143] at 37°C versus 45Ϯ11%
[nϭ130] at 25°C; PϽ0.001). Importantly, the EC 50 values were identical and only the extent of quinidine-induced internalization was temperature-dependent. It is noteworthy that previous biophysical studies measuring pore block with quinidine were performed at room temperature where the effects of internalization would be inadvertently reduced.
To negate the possibility of an antibody-induced artifact, we generated a Kv1.5 construct in which GFP was replaced with pHluorin, a GFP variant whose fluorescent properties are sensitive to the pH of the immediate environment. 15 Using live-cell imaging of HL-1 cells expressing Kv1.5-pHluorin, we found no difference in the time course, extent, or subcellular localization of quinidine-induced internalized channel compared to results from our antibody-labeling internalization assay (Online Figure II) . Together, these results suggest that antiarrhythmic drugs may modulate retrograde trafficking of Kv1.5 as a mechanism contributing to their inhibition of outward K ϩ current.
Constitutive and Quinidine-Induced Internalization of Kv1.5 Is Conserved in Native Dissociated Mouse Myocytes
We investigated the validity of the quinidine effect in native dissociated mouse myocytes. The live-cell internalization assay was performed on acutely dissociated neonatal mouse myocytes expressing Kv1.5-GFP to probe for alterations in Kv1.5 distribution on quinidine treatment. Using this technique, we found levels of constitutive and quinidine-induced channel internalization similar to those observed in the HL-1 model (Figure 2A ). This drug-induced internalization culminated in an 84Ϯ19% (nϭ45) (PϽ0.001) increase over constitutive channel endocytosis at 100 mol/L quinidine (nϭ52), with a corresponding decrease in surface levels ( Figure 2B ). These data confirm that the endogenous machinery and mechanistic requirements for constitutive and quinidine-induced Kv1.5 internalization are conserved in native cardiac tissue.
Specificity of Quinidine-Induced Internalization
We investigated the subunit specificity by measuring quinidine effects on internalization of 2 other prominent cardiovascular potassium channels, Kv4.2 and Kv2.1, expressed in HL-1 cells. Although ion permeability of both channels is blocked by quinidine (IC 50 of 10 mol/L and 20 mol/L quinidine, respectively), 16, 17 neither Kv4.2 nor Kv2.1 internalized in response to any drug concentration tested over the time course studied ( Figure 3A and Online Figures III and IV). Together, these data demonstrate a subunit dependence for the quinidine-induced internalization of Kv1.5. Quinidine-induced internalization occurred at resting membrane potentials suggesting that the drug-induced trafficking effects may be conduction-independent. To address this possibility, we measured internalization of the pore-dead mutant Kv1.5-W472F, which efficiently traffics to the myocyte membrane but is incapable of conducting current. 18 For both the mutant and wild-type controls, the quinidine-induced internalization resulted in an approximately 90Ϯ20% (nϭ90) (PϽ0.001) increase over constitutive endocytosis, with no difference observed in the EC 50 value ( Figure 3B ). These data confirm that the quinidine-induced internalization of Kv1.5 is independent of channel ion conductance.
Structural Requirements of Quinidine-Induced Internalization
To further examine specificity and gain possible insight into the pharmacophore responsible for drug-induced internalization of Kv1.5, we tested quinine, the diastereomer of quinidine that also causes a dose-dependent block of Kv1.5 current. 19, 20 We found that, contrary to quinidine, a maximal concentration of quinine was not able to enhance Kv1.5 internalization above constitutive levels ( Figure 3C ). Quinine was, however, capable of inducing significant, dosedependent block of Kv1.5 that was reversible on drug washout (Online Figure V) . The inability of quinine to induce channel internalization, despite effective pore block, demonstrates that quinidine-induced internalization of Kv1.5 is stereospecific.
The subunit dependence and stereospecificity of quinidineinduced internalization of Kv1.5 indicates a reliance of this internalization on the structure of the channel. To determine whether the protein structural requirements for quinidineinduced internalization were the same as those for pore block, we used the live-cell internalization assay to investigate the effect of quinidine on several mutants of Kv1.5. Kv1.5-T480A contains a single point mutation in the putative binding site for quinidine, resulting in a Ͼ90% reduction in sensitivity to open-channel blockers of Kv1.5. 21, 22 We found that, as with pore block, quinidine-induced internalization was abolished with the T480A mutation ( Figure 4A ). To further probe the amino acid requirements, we expanded our Ala-scanning mutagenesis to include 3 additional amino acid residues (Ile508, Leu510, and Val512), which are considered part of the highly conserved antiarrhythmic drug binding site within Kv channels. 21, 22 We found that as reported for channel block, quinidine-induced internalization was abolished by the Kv1.5-I508A mutation. Surprisingly, however, unlike channel block, internalization was near wild type for both Kv1.5-L510A and Kv1.5-V512A ( Figure 4B ). Additionally, we tested Kv1.5-P532L, a naturally occurring mutation reported to cause a significant rightward shift in the dose response curve for quinidine block of channel current. 23 We observed a similar decrease in sensitivity to quinidineinduced channel internalization with a shift in the EC 50 from approximately 1 mol/L for wild-type channel to 104 mol/L for Kv1.5-P532L (nՆ90) ( Figure 4C ). These data show that quinidine is acting directly on the channel and not through off-target effects that may influence trafficking. Importantly, these data also indicate that antiarrhythmic drugs may both block channel current and disrupt protein endocytosis concurrently to alter the functional ion channel density in the cell membrane and that these 2 effects share partial overlap in the structural requirements for drug binding, but the necessary amino acids are not are not identical.
Channel Internalization Is Prevented by Disruption of Endocytic Machinery
Our previous studies demonstrated that constitutive Kv1.5 internalization occurs via a microtubule-dependent, dyneinmediated endocytic pathway. 11 To further address specificity and determine whether quinidine-induced internalization shares a similar mechanism, we used pharmacological and dominant-negative methods to disrupt the endocytic machinery before measuring quinidine-stimulated Kv1.5 internalization. Dynasore, a cell-permeant, potent small molecule inhibitor of dynamin, prevents the budding and pinching off of endocytic vesicles, 24, 25 and has been used in neurons to block 
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Drug-Induced Internalization of Kv1.5synaptic vesicle endocytosis. 26 Acute pretreatment with this pharmacological inhibitor abolished quinidine-induced internalization of Kv1.5 in atrial myocytes ( Figure 5A ). We also observed a nearly 100% increase in surface levels of Kv1.5 over untreated controls, indicating that Dynasore prevents constitutive endocytosis of the channel ( Figure 5B and 5C). Additionally, we found that p50-dynamitin overexpression, which we and others have reported blocked constitutive Kv1.5 endocytosis, 11,27 also blocked quinidine-induced internalization with a corresponding increase in surface levels similar to the inhibition measured with Dynasore (Online Figure VI) . These data indicate that quinidine-induced internalization of Kv1.5 occurs via a microtubule-dependent, dynein-mediated pathway as previously demonstrated for constitutive endocytosis.
Quinidine-Induced Internalization Is Calcium-Dependent
To further investigate the mechanisms controlling quinidineinduced internalization, we tested the calcium dependence of this process. The biophysical properties of Kv1.5 pore block by quinidine have been previously characterized. 14, 20 Our survey of the literature revealed that all of these electrophysiological studies included a calcium-chelating agent in the pipette solution to isolate the drug-channel interaction. Because several intracellular trafficking pathways are known to be calcium-dependent, 28 inclusion of a calcium-chelating agent could inhibit the endogenous or drug-induced trafficking pathways. To investigate this possibility, we performed whole-cell patch-clamp recordings on cells stably expressing Kv1.5 both in the presence and absence of the calciumchelating agent BAPTA in the pipette solution. In response to a single depolarizing pulse from Ϫ80 to ϩ60 mV, perfusion of cells for 10 minutes with 6 mol/L quinidine reduced the peak current and accelerated the time course of inactivation under both conditions. Surprisingly, however, exclusion of BAPTA resulted in a much larger effect on peak current and revealed a significant calcium-dependent decrease ( Figure  6A ). This decrease in Kv1.5 current in the absence of BAPTA was observed over a range of voltages (Online Figure VII) . Furthermore, in the absence of BAPTA in the pipette solution, the dose-response for quinidine was significantly leftward shifted with a 3-fold decrease in the IC 50 (IC 50 ϭ13 mol/L with BAPTA and 3.5 mol/L without BAPTA) (nϭ5) ( Figure 6B ). Conversely, this calciumdependent decrease in current density did not occur with 20 mol/L quinine, the diastereomer of quinidine (Online Figure VIII) . This is in agreement with our finding that quinine did not induce channel internalization. Together, these data provide functional evidence for quinidine-induced channel internalization through a calcium-dependent mechanism.
To determine whether these functional measurements are supported by fluorescence imaging data, we measured the quinidine-induced internalization of Kv1.5 in the presence of the cell-permeant compound BAPTA-AM to chelate intracellular calcium. Using this method, pretreatment with 10 mol/L BAPTA-AM completely blocked quinidineinduced internalization of Kv1.5 with a corresponding increase in surface levels ( Figure 6C ). These results were nearly identical to those determined after endocytic disruption with Dynasore and p-50 dynamitin ( Figure 5C and Online Figure  VI) . Together, these data demonstrate that quinidine-induced internalization is calcium-dependent and therefore unrecognized by previous biophysical studies focused on isolating channel-drug interactions.
Differential Effects of Acute Versus Chronic Treatment With Quinidine
Previously we reported that, following constitutive internalization, a population of Kv1.5 originating on the atrial myocyte cell surface recycled back to the plasma membrane. 11 Electrophysiologically, we showed that quinidineinduced block of Kv1.5 current is reversible on drug washout (online Figure I) . On quinidine stimulation, internalized Kv1.5 also colocalized with the early endosomal marker EEA1 (data not shown). Therefore, we measured the intracellular fate of the quinidine-induced, internalized Kv1.5 on drug washout. Using a modified form of the recycling assay developed previously within our laboratory, and HL-1 cells transiently expressing Kv1.5-GFP, we found that a population of Kv1.5 undergoing quinidine-induced internalization recycled back to the plasma membrane with the same time constant as constitutive recycling (ϭ29.06 minutes and ϭ25.72 minutes, respectively) ( Figure  7A ). This channel recycling also occurred on a time scale nearly identical to recovery from current block. 14 This suggests that the rate-limiting step for recovery of Kv1.5 current is not quinidine dissociation from channel and indicates that quinidine is acting on the internalization pathway and not on the recycling pathway. Importantly, over the time course studied, we detected no loss in total protein, as measured by total GFP fluorescence, indicating that there was no detectable channel degradation ( Figure 7A,  inset) .
In a clinical setting, however, antiarrhythmic agents are administered chronically, over long periods of time. 29 -32 To investigate a potential long-lasting effect of chronic quinidine on the dynamic trafficking of Kv1.5, we treated HL-1 cells stably expressing Kv1.5 with a clinically relevant concentration of 10 mol/L quinidine. Total Kv1.5 protein levels were assessed by Western blot at 0, 12, and 48 hours of quinidine exposure and were reduced by 13% and 43% at 12 and 48 hours, respectively (nϭ9 and nϭ21, respectively; PϽ0.01 at 48 hours) ( Figure 7B ). Immunocytochemistry revealed a corresponding decrease in surface Kv1.5 (Online Figure IX) that was significant at 12 hours of quinidine treatment. As expected, these data indicate that Kv1.5 internalization precedes the loss of total channel protein and likely reflects a delay in the cellular time course for the onset of protein degradation. Importantly, the decrease in total Kv1.5 protein at 48 hours of chronic quinidine treatment was blocked by the mild proteasome inhibitor ALLN but not the lysosomal inhibitor leupeptin ( Figure 7C ). Together, these data reveal that acute quinidine treatment leads to channel internalization that is reversible on drug washout, whereas chronic quinidine treatment leads to channel degradation.
Discussion
Here, we report a previously unrecognized mechanism of antiarrhythmic drug action in the acute modulation of surface channel density. Using quinidine, an antiarrhythmic agent that has both class Ia actions 33, 34 and class III actions in mammalian atrium and ventricle, we demonstrate that channel blockers can both inhibit ion conduction and regulate the stability of the channel protein within the membrane. These pleiotropic actions, which may be independent, have important implications for antiarrhythmic drug therapy, as well as drug safety testing.
The manipulation of ion channel trafficking pathways, particularly those that target functional channels existing in the myocyte membrane, represents an alternative and potentially beneficial new therapeutic strategy. There is a clear need for the development of new, longer-term antiarrhythmic drugs to successfully maintain normal atrial sinus rhythm without risking the occurrence of potentially life-threatening, proarrhythmic ventricular side effects. The inhibition of I to current, through block of Kv4.2/Kv4.3 channels in the atria and ventricle, is a frequent side effect of putative Kv1.5-selective agents. Our data demonstrate that quinidine-induced internalization of Kv1.5 is dose-and temperature-dependent and, although it inhibited current, did not stimulate internalization of Kv2.1 or Kv4.2 channels. Ultimately, the development of new compounds and their efficacy to selectively modulate trafficking pathways is dependent on the ability to separate the pleiotropic actions and to isolate the pharmacophore responsible for block and/or internalization. In the 
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Drug-Induced Internalization of Kv1.5present study, several lines of evidence indicate that these 2 processes may be separable. For instance, quinidine-induced internalization was voltage-and activity-independent in that it occurs at resting membrane potentials during immunocytochemistry and when cells are voltage clamped at Ϫ80 mV during electrophysiology measurements (Figures 1 and 6 ).
In contrast, open channel block of Kv1.5 was voltage-and activity-dependent (Online Figure I ). In addition, there are several pieces of data in this study in which pore block occurred without channel internalization. As mentioned above, both Kv4.2 and Kv2.1 exhibit significant quinidinemediated current block; however, neither underwent druginduced internalization, despite constitutive endocytosis of Kv4.2 nearly identical to Kv1.5 (Online Figure III) . Importantly, drug-induced internalization of Kv1.5 was stereospecific in that quinine, the diastereomer of quinidine, caused current block of Kv1.5 but was incapable of inducing channel internalization even at a maximal dose ( Figure 3 ). Interestingly, Ala-scanning mutagenesis of the conserved Kv channel drug-binding site showed that not all residues were conserved for both pore block and channel internalization ( Figure 4 ). To facilitate the development of new antiarrhythmic drugs that selectively modulate channel density, future detailed structure/activity studies are required to identify the essential features within the channel and as part of the drug molecule responsible for the multiple activities of quinidine. The mechanism of drug-induced internalization most likely involves a conformational change in the channel protein; however, not all of the mutagenesis results in this study can be reconciled with the model that drug block and druginduced internalization can be separated. For example, if one considers the effects of the T480A mutation, which occurs within the pore helix and diminishes both block and internalization, compared to our results that drug-induced internalization occurs when cells are clamped at Ϫ80 mV, it is difficult to envision how quinidine can reach a binding site in the conduction pathway to initiate internalization if the cytoplasmic gate of Kv1.5 is firmly closed. An alternative strategy is the identification of the molecular machinery and further elucidation of the proteins involved in channel targeting, such as the dynein motor complex (Online Figure VI) , which may reveal novel, selective auxiliary therapeutic targets. Nonetheless, this study highlights the potential for development of new agents that can selectively affect either ion conduction and/or ion channel trafficking pathways as a new means to gain therapeutic specificity. The potential for drugs to modulate surface density also raises important issues for drug safety screening. It is well known that nonantiarrhythmic drugs can have proarrhythmic liabilities through the off-target inhibition of ion channels in the heart. This issue has received considerable attention from pharmaceutical companies and regulatory agencies that now mandate cardiac ion channel testing as part of drug safety profiling. Attention to the potential problem of nonantiarrhythmic drugs affecting both pore block and channel trafficking originated with work related to the hERG channel. 7 Data presented in this report advance this concept to include the atrial specific target Kv1.5 and extend this concern to the acute regulation of surface density. Existing safety screens focus almost entirely on the capacity of a drug to block ion conduction. The calcium dependence of quinidine-induced internalization of Kv1.5 is important when considering the in vivo effects of this drug and most likely many others. Our results demonstrate that use of compounds that deplete free intracellular calcium block a major component of quinidine action on Kv1.5. This calcium-dependent component is responsible for a significant fraction of the quinidine-mediated decrease in current density and can explain the leftward shift in the IC 50 for quinidine from 13 mol/L in the biophysical studies including BAPTA to 3.5 mol/L in the absence of BAPTA ( Figure 6B ). However, it is important to note that the free calcium concentration is likely very high in our electrophysiological experiments performed in the absence of any calcium buffer, whereas large changes in free calcium are not expected in immunocytochemistry experiments. In addition, the 2 experiments were performed at different temperatures; therefore, the 2 conditions may not be identical. It is also possible that what is marked as calcium-dependent channel internalization ( Figure 6A ) is a mixture of fast block and channel internalization. However, separation of these 2 mechanisms is complicated by our finding that the rate-limiting step for the onset of drug action is equilibration across the membrane and both block and internalization recover on washout of the drug. Nevertheless, this work implies that antiarrhythmic agents such as quinidine, which affect channel trafficking pathways, may show greater efficacy and potency in the in vivo condition where calcium-dependent pathways are uninhibited. Screens for pore block may simply miss channel-trafficking effects and dramatically underestimate drug actions.
Another issue that may compound these concerns is the acute versus chronic effects of altering channel surface density. Our results show that chronic quinidine treatment results in a significant decrease in Kv1.5 channel protein by diverting channel from a recycling to degradation pathway. Recent work suggests that a fraction of internalized Kv1.5 enters proteasomal compartments. 35 This is supported by data in this report showing that inhibition of the proteasomal, but not lysosomal, degradation machinery prevented the chronic quinidine-induced decrease in total Kv1.5. The time course of recovery from this repression may precipitate drugwithdrawal side effects, whereas long-term suppression of channel expression may contribute to remodeling of heart tissue. The alternative is that chronic suppression may overcome current antiarrhythmic drug limitations of acute cardioversion and result in the benefit of maintained rhythm control. Nonetheless, together these data give further credence to concerns regarding the comprehensiveness of current ion channel drug safety tests.
In summary, this report reveals a novel mechanism of antiarrhythmic drug action in the modulation of surface channel density. Results of this study highlight the possibility for development of new agents that selectively modulate ion conduction and/or the stability of channel protein in the membrane as an alternative or complementary strategy for treating atrial fibrillation and other potential cardiac arrhythmias.
